The well-drained sandy soils of Florida and the southeastern coastal plain support two distinct types of vegetation, the scrub and the sandhill communities, separated by an ecotone of very little or no vegetation [1] . The scrub community is dominated by sand pine and evergreen shrubs with little or no herbaceous ground cover. In contrast, the sandhill is an open area with scattered sand pines and abundant herbaceous cover.
We have been investigating the hypothesis [1, 2] that the fire-sensitive shrubs of the scrub community release allelochemicals that deter the invasion of sandhill grasses which would provide fuel for surface fires.
Calamintha ashei is a common endemic shrub of the Florida scrub known for its allelopathic properties on sandhill grasses [3] . In the course of our search for allelochemicals from members of the Florida scrub community [4] we have previously isolated menthofuran-type monoterpenes [5, 6] exhibiting inhibitory effects on little bluestem (Schizachyrium scoparium), a native grass of the sandhill community [5] . In continuation of our investigation of the chemical constituents of C. ashei, we report here the isolation and structure elucidation of six new menthofurans, which are structurally closely related to those previously reported [5, 6] , two new germacranes, as well as six known flavonoids not previously isolated from C. ashei. Allelopathic effects of menthofuran 4, (+)-evodone (1), (-)-calaminthone (2), (+)-desacetylcalaminthone (3), the decomposition mixture of the diacetate 5, and the two flavonoids 13 and 15 were studied. The molecular structure determinations by X-ray diffraction analysis of (+)-evodone (1) and the flavonoids 13 and 16a are also presented.
Aerial parts of C. ashei were soaked in water at room temperature followed by extraction with n-hexane and dichloromethane (CH 2 Cl 2 ). The water extract was re-extracted with CH 2 Cl 2 in order to isolate the watersoluble organic constituents. It had previously been shown that the water extract contained monoterpenes, mainly (+)-evodone (1), (-)-calaminthone (2) and desacetylcalaminthone (3) [5, 6] . Besides these three monoterpenes six new ones were isolated from the water and dichloromethane extracts of C. ashei, along with two new germacrane-type sesquiterpenes and the flavonoids 13-18, not previously reported from C. ashei.
The six new monoterpenes, 5 to 10, were highly unstable compounds, which decomposed within a few days. This high instability is most likely due to the loss of the acetate or hydroxy moieties in the cyclohexyl ring forming the stable aromatic ring.
4α,5β−Diacetoxymenthofuran (5), C 14 H 18 O 5 , was a colorless oil, which crystallized upon drying in vacuo.
Attempted recrystallization overnight led to decomposition of 5. A strong IR absorption at 1746 cm -1 indicated the presence of a carbonyl group (Ac). Comparison of its 1 H NMR spectrum ( Table 1) with that of (-)-calaminthone (2) [5] showed that 5 was very similar to 2 with two additional signals belonging to a second acetate moiety. The two three-proton singlets at δ 2.05 and δ 2.07, as well as a one-proton doublet of a doublet of doublets at δ 6.08 (J = 2.1, 1.7, 1.4 Hz) and a doublet of doublets at δ 5.39 (J = 4.1, 1.9 Hz) suggested the presence of two acetate moieties. This was confirmed by the 13 C NMR spectrum of 5 which showed the presence of fourteen carbons, which included two acetates, as indicated by the carbonyl ester signals at δ 170.87 and δ 170.51. The mass spectral data gave the molecular ion peak at m/z 266 and a diagnostic base peak at m/z 146, which is due to the loss of two acetic acid molecules forming the aromatic ring [6] , and also supports the presence of two acetate units. The stereochemistry of the two acetate moieties was based on a comparison with (-)-calaminthone (2) using the 1 H NMR coupling constants of H-4, H-5, H-7α, H-7β, and H-6. The acetate moiety at C-5 must be β-oriented as in 2 on the basis of biosynthetic co-generation within the same plant. Similarly, by the same arguments, the methyl signal of H-11 is β-oriented and the same coupling J 5,6 = 4.1 Hz is found in calaminthone as well as in 5, and thus H-5 in 5 has to have an α-orientation. Proton 7β appeared as a doublet of a doublet of doublets at δ 2.52 (J = 16.3, 9.0, 1.8 Hz), the 16.3 Hz coupling being due to geminal coupling with H-7β. The 9.0 Hz coupling of H-7β with H-6α suggests an antiperiplanar orientation and the small coupling of 1.8 Hz represents the homoallylic coupling with H-4. Stereo models showed that only a β-oriented H-4 would give rise to three small couplings of 2. and a three-proton singlet at δ 2.04 due to the acetate methyl. The position and stereochemistry of the acetate was based on its chemical shift in comparison with the two acetate signals of compound 5. Since in compound 5, H-4 and H-5 appeared at δ 6.08 and δ 5.39, respectively, the acetate in 6 had to be at the C-5 position. Based on its chemical shift at δ 5.20 and not further downfield near 6 ppm indicated that it had to be in the non-allylic C-4 position. Its stereochemistry was again derived on the basis of the same arguments presented for compound 5. The mass spectral data of 6 confirmed its structure by the presence of the molecular ion at m/z 208 and a peak at m/z 148 due the loss of acetic acid. Finally, the 13 C NMR spectrum showed the presence of only one carbonyl signal at δ 171.03 due to the acetate and the absence of a ketone carbonyl typical for the (-)-calaminthone skeleton.
4α-Acetoxymenthofuran (7) was also present in the water extract as well as in the CH 2 Cl 2 extracts of C. ashei. Its 1 H NMR spectrum (Table 1) indicated the presence of an allylic acetate signal at δ 5.95 (dddd, J = 8.6, 7.3, 1.8, 1.8 Hz). Based on its downfield chemical shift, when compared with the H-5 of 6, this signal was assigned to H-4. The stereochemistry of the acetate must be the same as that of the C-4 acetate of compound 5, and thus α-oriented.
4α,5β-Dihydroxymenthofuran (8) is most likely the precursor to compounds 5, 9, and 10. Its 1 H NMR spectrum (Table 1) indicated the presence of two hydroxyl groups with a broad singlet at δ 4.75 and a multiplet at δ 3.89 belonging to H-4 and H-5, respectively. The stereochemistry of the two hydroxyl groups must be the same as that of the two acetates in compound 5, and thus the hydroxyl group at C-4 must be α−oriented while that at C-5 has a β−orientation. Obviously, compound 5 is the diacetate of compound 8. Furthermore, the mass spectrum gave a molecular ion at m/z 182 in the mass spectrum and the appearance of a diagnostic peak at m/z 146 [M-2H 2 O] + confirmed the assigned structure of compound 8.
The structures of the isomeric compounds 9 and 10 were assigned based on their 1 H NMR spectral comparisons with the above monoterpenes 5-8. 5β-Acetoxy-4α-hydroxymethofuran (9) showed in its 1 H NMR spectrum the presence of one acetate moiety with a three-proton singlet at δ 2.13 and a multiplet at δ 5.30 (dd, J = 4.2, 1.8 Hz) and a hydroxyl group at δ 4.91 (brm). The chemical shift of H-5 at δ 5.30 was very close to that of compounds 5 and 6, thus positioning the acetate on C-5 and the hydroxyl group on C-4. 4α-Acetoxy-5β-hydroxymenthofuran (10) showed in its 1 H NMR spectrum that the acetate-bearing proton signal was at δ 5.99 and the hydroxyl-bearing proton absorption at δ 4.10. The downfield chemical shift of the proton H-4 of the acetate at δ 5.99 positions the acetate at the allylic C-4 position, thus placing the hydroxyl group on C-5. The stereochemistry of the acetoxy and hydroxy substituents on carbons 4 and 5 of compounds 9 and 10 have to be the same as those of compounds 5 and 8, that is an α-oriented substituent on C-5.
Compounds 7, 9, and 10 were all minor compounds of C. ashei and they all decomposed to unidentified mixtures before being able to obtain any other spectroscopic data besides the 1 H NMR ( Table 1 ).
The molecular structure of (+)-evodone (1) was determined by single crystal X-ray diffraction. The furan ring is planar, while the cyclohexenone ring is nonplanar having a distorted half chair conformation. Its molecular structure is illustrated in Figure 2 . The two sesquiterpenes isolated from C. ashei exhibited in their 1 H NMR spectra ( Table 2 ) typical signals of a sesquiterpene with a germacrane skeleton, similar to those of (+)-bicyclogermacrene [7, 8] .
13-Acetoxybicyclogermacrene (11), a colorless oil, showed in its 1 H NMR spectrum the presence of two vinyl methyl groups at δ 1.47 (d, J = 1.0 Hz, H-14) and δ 1.66 (d, J = 1.0 Hz, H-15), as well as another methyl at δ 1.17 assigned to the methyl group H-12 on the cyclopropane ring ( Table 2) . A doublet of a doublet of doublets at δ 0.81 (J = 12.5, 9.0, 3.0 Hz) coupled to a multiplet at δ 1.49 suggested the presence of a cyclopropane ring. The position of the acetate moiety and its relative configuration was based on the chemical shift of H-7 in compound 12. Due to the deshielding effect of the carbonyl of the aldehyde in compound 12, H-7 is deshielded and absorbs at δ 1.42 instead of δ 0.81, as in compound 11. This strongly suggests that the aldehyde in 12, as well as the acetate moiety in 11, must be on the same side as protons H-6 and H-7. The stereochemistry of the cyclopropane ring was based on the coupling constant of H-5 in both compounds, which shows as a doublet with a coupling of 12.2 Hz in 11 and 12 Hz in 12. This coupling must be with H-6, the only proton next to it, and its magnitude suggests that H-6 must be α-oriented, as in germacrolides with a γ-lactone on carbons C-6 and C-7 [9] . The 13 C NMR spectrum of 11 showed the presence of seventeen carbons, two of which (δ 171.55 and δ 20.98) belong to the carbon signals of the acetate moiety. Furthermore, the mass spectral data supported the assigned structure of 11.
Besides the molecular ion at m/z 262, a prominent peak at 202, [M-AcOH] + was observed. Complete assignment of all the protons and carbons of compound 11 was achieved by the use of the DEPT experiments, as well as the 2D 13 C-1 H correlation and 2D COSY experiments. These data are summarized in Table 2 and in the methods and material section. A comparison with the ent-series [10] confirm the 6β,7β-orientations proposed for the cyclopropane ring. (12) The molecular structure of flavonoid 13 was determined by single crystal X-ray diffraction. Two independent molecules exist in the asymmetric unit of 13, one of which is illustrated in Figure 3 . The only appreciable difference between the two occurs in torsion angles about bonds joining methoxy groups to ring A, where differences of up to 38° occur. In both, the hydroxy group forms an intramolecular hydrogen bond with the carbonyl, having O ... O distances 2.577 (3) and 2.586 (3) Å. The structure of compound 16 was confirmed by single crystal X-ray crystallography of its triacetate 16b. Two independent molecules, one of which is illustrated in Figure 4 , exist in the solid state. The conformations of the two are quite similar, except for the methoxy groups on adjacent positions on the fused ring system. In both the A and B molecules, the methyl groups are relatively anti, but in the A molecule (shown), that on C7 is anti to the two acetate moieties on the same ring, while in the B molecule (not shown), it is syn. This situation is described by torsion angles C-8-C7-O20-C21 -35(1)° and C7-C8-O22-C23 -99.6(7)° for molecule A, and 61.0(7)° and 100.6(6)°, respectively for molecule B.
13-Oxobicyclogermacrene

Bioassay data
Phytotoxic effects of the Calamintha monoterpenes were species-and dose-specific (Tables 3-5 ). Effects on germination were in general more pronounced and a number of the instances where significant reductions in root growth occurred reflect the inhibition and/or delay of germination by these compounds.
Of the four species tested, Rudbeckia was the most sensitive to these monoterpenes, and of the compounds tested, (+)-evodone (1) exhibited the strongest inhibitory effects (Tables 3 and 4 ). (+)-Evodone reduced Rudbeckia germination by more than 50% at 0.10 mM, and the reduction was still significant at 0.05 mM. (+)-Evodone also reduced germination of lettuce at all concentrations tested. Less activity was shown by (+)-evodone against the two monocots. Germination of Leptochloa was reduced at 1.0 and 0.5 mM, and Schizachyrium germination was reduced only at 1.0 mM.
(+)-Desacetylcalaminthone (3) reduced Leptochloa germination at 1.0 mM and Rudbeckia germination down to 0.25 mM ( Table 5 ). Due to solubilization problems, the maximum concentration of (-)calaminthone (2) tested was 0.8 mM. In contrast with (+)-desacetylcalaminthone, (-)-calaminthone had no inhibitory effect on Leptochloa germination, and stimulated germination at 0.08 mM. (-)-Calaminthone did reduce Rudbeckia germination at 0.8 and 0.4 mM, but had no effect at 0.2 mM ( Table 5 ). The diacetate compound (5) had little effect on germination and root growth ( Tables 3 and 4 ).
Menthofuran (4), the parent compound of the Calamintha monoterpenes, showed little or no inhibitory effect on either germination or root growth. The maximum concentration tested, however, was only 0.13 mM (20 ppm) due to difficulties in solubilizing this compound for bioassays. Menthofuran did cause striking stimulation (130-204% of control) of Leptochloa germination at concentrations as low as 13 µM.
With regard to the potential contribution of these monoterpenes to the allelopathic effects of Calamintha, (+)-desacetylcalaminthone (3) and (+)-evodone (1) are probably the most ecologically important compounds. The aqueous solubilities of both compounds exceed the concentrations needed to exhibit phytotoxic activity [18] . The monoterpene content of leaf washes of Calamintha is primarily a 50/50 mixture of these two compounds [19] . Accordingly, a mixture of these two compounds was tested for activity. The germination of the two dicots was more greatly reduced and affected at lower concentrations than the two monocots ( Table 3) . In certain instances, the two compounds appear to work antagonistically (for example, lettuce germination was 70% of control for the 0.50 mM [= 0.25 + 0.25] mixture, but 33% of control for 0.25 mM (+)-evodone alone), while in others the effects appear to be greater than additive (for example, the mixture significantly reduces Schizachyrium germination at both 0.5 and 0.25 mM, but significant reductions are not observed below 0.5 mM for the compounds separately).
Both aqueous and ursolic acid saturated solutions of the two Calamintha flavonoids (13) and (14) tested had little effect on germination and root growth of the test species (data not shown). Ursolic acid occurs at relatively high concentrations in Calamintha foliage and because of its ability to form micelles [4] , it was thought that ursolic acid might increase the solubilities of slightly soluble compounds such as these flavonoids. This, however, was not seen, and the solubility of compound 14 was below 10 ppm and of compound 13 below 50 ppm in both water and saturated ursolic acid. The joint effect of Calamintha flavonoids and monoterpenes has not yet been investigated. 
General techniques:
Vacuum liquid chromatography (VLC) was carried out on silica gel using the method of Coll and Bowden [20] . Samples were introduced onto the column by pre-adsorption. Glass columns with medium pore sintered glass were used. Preparative TLC used 1 mm silica gel G 254 plates; CC silica gel (60-200 mesh).
Extraction and isolation:
Fresh leaves (1082 g) were soaked in 5.0 L of water for 24 h at room temperature. The water extract was then re-extracted (x4) with 250 mL of CH 2 Cl 2 per 250 mL of water and the combined CH 2 Cl 2 extracts were evaporated in vacuo to yield 1.9 g of crude H 2 O-CH 2 Cl 2 extract. The extracted leaves were air-dried for 12 h, ground and soaked in 2.5 L of n-hexane for 24 h, yielding 5.7 g of crude n-hexane extract. After air-drying, the leaves were extracted twice with CH 2 Cl 2 (2.3 L each) yielding a total of 14.7 g of crude CH 2 Cl 2 extracts. Since the CH 2 Cl 2 extracts were very rich in ursolic acid, they were dissolved in a small amount of CH 2 Cl 2 and filtered in order to remove most of the solid ursolic acid [5] . The first CH 2 Cl 2 extract (8 g) yielded 5.8 g of solid-free material.
The above CH 2 Cl 2 extract was subjected to vacuum liquid chromatography (VLC) [20] , eluting with n-hexane, CH 2 Cl 2 and ethyl acetate (EtOAc) mixtures of gradually increasing polarity yielding 10 x 200 mL fractions. Fraction 4 (330 mg) was re-chromatographed by VLC yielding 8 x 25 mL fractions of which fractions 6 and 7 were combined and subjected to reverse phase preparative thin layer chromatography (prep. TLC) with MeOH: H 2 O (3:1) giving 53 mg of compound 6 and sesquiterpenes 11 and 12 (Figure 1 ). VLC fraction 6 was re-chromatographed on VLC with n-hexane: CH 2 Cl 2 :EtOAc mixtures of gradually increasing polarity giving 8 x 50 mL fractions. Fraction 7 was re-chromatographed by VLC giving 6 x 20 mL fractions of which 3 to 5 were mainly (-)-calaminthone (2) (1) Data reduction included corrections for background, Lorentz, polarization, and absorption. Absorption corrections (μ = 6.54 cm -1 ) were based on psi scans, with minimum relative transmission coefficient 74.98%. Of 1072 unique data, 865 had I > 1σ (I) and were used in the refinement.
X-Ray data of (+)-evodone
The structure was solved by direct methods and refined by full matrix least squares, treating nonhydrogen atoms anisotropically, using Enraf-NONIUS SDP [21] . Hydrogen atoms were located in different maps and included as fixed contributions. Convergence was achieved with R = 0.081 and Rw = 0.084. Coordinates have been deposited with the Crystallographic Data Centre at Cambridge. Intensity data were designed to yield I = 25 σ (I). One quadrant of data was collected within the limits 2° < θ < 75°. Data reduction was carried out as for compound 1. Absorption corrections (μ = 8.80 cm -1 ) were applied, with minimum relative transmission coefficient 76.48%. Of 7567 unique data, 4298 had I > 3 σ (I) and were used in the refinement.
X-Ray structure of compound 13:
The structure was solved and refined as for 1. Hydrogen atoms on hydroxy groups were refined isotropically, while others were included as fixed contributions. Convergence was achieved with R = 0.051 and Rw = 0.058. Coordinates have been deposited with the Crystallographic Data Centre at Cambridge. The structure was solved by direct methods (MULTAN) [22] and refined by full-matrix least squares based on F with weights ω = σ -2 (F O ) using the Enraf-NONIUS SDP (Frenz and Okaya, 1980) . Nonhydrogen atoms were treated anisotropically, while hydrogen atoms were located by ΔF and included as fixed contributions. At convergence, R = 0.073, Rw = 0.052 for 632 variables. Coordinates have been deposited with the Crystallographic Data Centre at Cambridge.
X-Ray structure of compound 16a:
Bioassay data
Monoterpene bioassays: Assays were conducted in 480 mL glass jars lined with one sheet of Whatman No. 1 filter paper. Lids were lined with foil and tightly sealed to prevent loss of the monoterpenes through volatilization. Each jar contained 25 seeds of 1 of 4 test species with 5 mL of test solution. The monocot species tested were the native sandhill grasses little bluestem, Schizachyrium scoparium (Mich x.) Nash cv. Cimarron, and green sprangletop, Leptochloa dubia (H.B.K.) Nees. Dicot species tested were blackeyed-Susan, Rudbeckia hirta L., also a sandhill species, and lettuce cv. Great Lakes 118, Lactuca sativa L. Treatments were replicated 6 times for little bluestem and 3 times for the other test species. Assays were carried out in the dark at room temperature (23-5°C) and halted after 3 days for lettuce and 5 days for the other species. Dishes were frozen to terminate growth prior to measurement of root length and germination. Seeds were considered to have germinated if the root protruded at least 1 mm.
Stock solutions (1.0 mM) of (+)-desacetylcalaminthone (3), (+)-evodone (1), a decomposed mixture of the diacetate (5), (-)-calaminthone (2) and menthofuran (4) were prepared by sonication for 1 h. Dilutions of these stock solutions were made to 0.5, 0.25, 0.10 and 0.05 mM for bioassays. An equimolar mixture of desacetylcalaminthone (3) and (+)-evodone (1), the 2 major monoterpenes of C. ashei, was also prepared. In the case of (-)-calaminthone (2) and menthofuran (4), not all of the material dissolved and the actual concentration was verified by UV absorbance measurements. A very small portion of compound 5 did not dissolve, but the low UV absorbance of this compound did not allow determination of the actual concentration.
Distilled water controls were run concurrently with double the replication of test solutions.
Flavonoid bioassays: Assays of compounds 13, 14, an equimolar mixture of the two, and 13 and 14 in a saturated solution of ursolic acid were conducted in the same way as for the monoterpene bioassays. Due to the low water solubility of the 2 flavonoids, concentrations were determined by UV absorbance measurements. Concentrations of saturated solutions of 13 and 14 were 44 ppm and 9 ppm, respectively. The concentrations of 13 and 14 in the saturated solution of ursolic acid were 4 ppm and 6 ppm, respectively.
Statistical analysis:
Data were analyzed by comparing the treatment means to the corresponding control using the least squares means test of the general linear models procedure of the Statistical Analysis System (SAS) programs. Radicle length data were subjected to the logarithmic transformations for analysis. A significant level of P = 0.05 was used.
